The paper describes a design study for the structural optimization of a typical bay of a blended wing body transport. A hat stiffened laminated composite shell concept is used in the design. The geometry of the design is determined with the PANDA2 program, but due to the presence of varying axial loads, more accurate analysis procedure is needed. This is obtained by combining the STAGS finite element analysis program with response surface approximations for the stresses and the buckling loads.
Introduction
Major air carriers have expressed the need for larger airplanes to meet the growing demands for air travel, especially in the pacific rim and on transatlantic routes between major airports in USA and Europe. A blended wing body (BWB) airplane capable of carrying about 800 passengers is one of several configurations currently being considered for satisfying this need. As * the name implies, a principal feature of a BWB transport is a wide double deck center body which is blended in the wing. Due to the shape of the airplane the pressured center-body region, which includes the passengers area and the cargo area is non-circular (see Fig. 1 ). This type of configuration for the center-body region is challenging from the standpoint of structural design, since the upper and lower cabin surfaces carry both internal pressure loading and running loads due to wing bending. Further, to keep structural weight as low as possible, the structure is envisioned to be built of composite materials. The paper describes work which a part of a BWB design study, led by the McDonnell Douglas Corporation in collaboration with NASA and four universities (University of Florida, Stanford University, University of Southern California, and Clark Atlanta University). The study described in the paper involves the optimization of one of the structural concepts considered for the design, a stiffened shell concept for the upper cover panel of a typical passenger bay. The passenger area is divided into several bays, separated by longitudinal ribs, to reduce instability problems in the upper wing skin, which carries compressive wing bending loads. Specifically, results are presented for a composite hat-stiffened skin configuration.
The structural optimization problem is formulated using weight as the objective function, with constraints on buckling of the cover panel and maximum stress in the cover panel.
The structural analysis is performed by an analysis code which does not have optimization capabilities and is difficult to connect to an optimizer. For such situations, response surface techniques, which create simple approximations of structural response, have been shown to be useful 1 . The use of response surface techniques also permits the integration of simple analysis models together with more complex ones in a single approximation. In the present work, both simple and complex stress analyses are integrated in a response surface used for the structural optimization.
Problem Description The structural configuration considered in the optimization is a hat-stiffened skin, upper cover panel of a typical passenger bay, as shown in the Fig.  2 . The panel is assumed to be 150 inches long in the spanwise, or x, direction and 900 inches in the chordwise, or y, direction. The structure was first designed subject to a uniform pressure load of 14.84 psi applied to the bottom skin surface, and an end load, N x equal to 4319 lb./in. applied to the right end of the panel in the spanwise direction. The left end of the panel is restrained from movement in the xdirection. The right and left ends are clamped and the unloaded sides are simply supported.
The skin and the individual components of the hat stiffener are constructed from graphite-epoxy preforms, which were developed under the NASA ACT program 2 . Each preform is a stack of material which is equivalent to nine layers of unidirectional prepeg with 44.9%, 49.2% and 12.9% of 0, 45 and 90 degree fibers, respectively. The nominal stacking sequence of the preforms used in the skin and in all of the components of the hat stiffener is [45/-45/0/90/-45/45]. Each preform, or stack, has a cured thickness of 0.055 inches. Nominal material properties for a cured stack and the stress allowables that are se in the designs are provided in Table 1 .
Structural Optimization

PANDA2 Solution
The first step in the structural optimization was to use the PANDA2 program 3 , to obtain an initial design. PANDA2 is a program specifically designed to find minimum weight design of laminated composite stiffened panels. The philosophy of PANDA2 is to obtain an initial design using simple close form expression and finite difference analyses of a discretized panel module independently to obtain buckling load factors. A panel module and the design variables used in the PANDA 2 optimization are shown in Fig 3. A module includes the cross section of a stiffener plus the panel skin, with width equal to the spacing between stiffeners (b in Fig. 3) . A typical stiffened panel consists of several panel modules placed adjacent to each other.
The objective function, the design variables and the side constraints used in the optimization are listed in Table 2 . The first constraint ensures that there are enough equally spaced stiffeners in the panel for the single module model to give good approximation to the local skin buckling mode. The second and third constraints guarantee numerical The optimum design obtained by PANDA2 is provided Table 3 . For the design shown in Table 3 , the active constraints at the mid-length of the panel were fiber compression in the crown, web buckling, and axial strain. At the ends of the panel, the active constraints were local buckling of the panel skin between stringers, local buckling of the panel skin under the hats, and fiber compression in the skin.
PANDA2 is capable of handling only continuous design variables. However, the thicknesses of the components are discrete variables, since the thicknesses are limited to integer multiples of the basic laminate stack described earlier. The thickness in Table 3 obtained from the continuous variable optimization were therefore rounded up to the next discrete thicknesses. The design obtained after rounding up the thickness variables and the associated weight of the rounded up design are provided in Table 4 .
Initial Response Surface Solution
For the loading and boundary conditions of the current problem, PANDA2 leads to a conservative design. The conservative design results from the requirement in PANDA2 that the panel cross section and the properties are constant in the spanwise direction while the loading is variable. Near the ends of the panel the skin is in compression and the crown of the hat is in tension. In the middle of the panel the opposite is true; that is, the skin is in tension and the crown of the hat in compression. PANDA2 finds the location in which each element of the panel module has the highest compressive stresses, and based on these stresses it designs the thickness and size each element. A more efficient design for the panel was obtained by relaxing the constraint imposed by PANDA2 that the cross-section of the panel is constant in the spanwise direction. The cross-section of the panel was varied by dividing the panel into three sections: two identical sections at the ends of the panel and a section in the middle of the panel as shown in Fig. 4 . The tendency for the skin to buckle near the ends of the panel, which was an active constraint in the PANDA2 design, was reduced by adding a layer of material equal to the thickness of the flange to the panel skin between the stiffeners and to the panel skin under the hat stiffeners. To prevent buckling of the web crown at the mid-length point of the panel, the thickness of the crown of the hat was increased. The cross-sections of a panel module at the 
(5) 2.9 < w 2 <15.4 (6) 2.25 < w < 11.75 (7) 0.11 < t < 1.1 (8) Buckling and stresses constraints in Panda2 (9) The structural analysis was performed using STAGS (Structural Analysis of General Shells) 4 . STAGS is a finite element code for non-linear analysis of stiffened shell structures of arbitrary shape and complexity. The STAGS analyses, an additional factor of safety equal to 1.25 was applied to the end load. The end load applied in the STAGS analyses was equal to 5398 lb./in. The response surfaces created were then used as constraints function in an optimization to minimize the panel weight. The optimization was performed using a spread sheet program in Microsoft EXCEL 5 that allows discrete design variables. the design variables used in the optimization are provided in Table 5 . the response surfaces were approximated using polynomials. In order to determine the coefficients in the approximating polynomials, the structural response surface was evaluated at a number of design points exceeding the number of coefficients in the polynomials.
Several methods are available for selecting the design points so that the error in the approximation is minimized. The D-Optimal criterion 1 as implemented in the JMP program 7 was employed for selection the design points. The implementation in JMP finds a D-Optimal set of points from a given set of candidate design points in the design domain. The candidate design points that were used for constructing the response surfaces are provided in Table 6 .
The size of the design domain was reduced to 740 feasible design points by introducing the following considerations:
• The lower and upper bounds to the optimal weight were estimated to be 3.0 lb./ft 2 and 4.3 lb./ft 2 respectively.
• The skin near the ends of the panel was expected to be thicker than the skin in the middle of the panel (t sm <t sb ).
• The thickness of the crown in the middle of the panel was expected to be greater than the thickness of the crown near the ends of the panel (t cb <t cm ). 
Buckling Response Surface
The STAGS structural analysis required at each of the design points used in creating the response surface is fairly computationally intensive and time consuming. The STAGS model used in the analysis of the divided panel had approximately 70,000 degrees of freedom. The panel skin and all elements of the stiffeners were modeled with branched shells. One linear stress and linear buckling analysis using this model required approximately 6,500 CPU seconds on a DEC ALPHA 200 4/166 work station One non-linear analysis required approximately 9,000 CPU seconds on the same machine.
Because of the long time required for each structural analysis we started with a simple response surface and selected 10 points to build a linear response surfaces for the buckling load factor (design points 2 -11 in Table 7 ). To the 10 points we added one extra structure, design point 1 in Table 7 , referred as the nominal design, which we selected based on engineering judgment.
However the linear fit obtained was very poor with rms error=0.61 and Ra 2 =0.046 (Ra 2 =1 for a perfect fit and Ra 2 =0 for a very bad fit ) and negative coefficients for some of the thickness variables. In attempt to improve the accuracy of the response surface predictions a new design domain was defined around the nominal structure. The thickness variables were permitted to change by +0.055 inches from the nominal design and d by +12 inches, thus each variable could have 3 possible levels and a total of 243 points. Twelve design points were selected out of these 243 using the D-Optimality criterion. These design points are shown in Table 7 , as points 12 to 23.
The linear response surface obtained for this smaller region had rms=0.54 and Ra 2 =0.56, indicating still a non-satisfactory fit. Moreover the t-statistics of the coefficients were very small (tstatistic is a parameter that indicates the confidence in the values of the coefficients obtained. The higher the value the better is the confidence in the coefficients).
Full Domain Quadratic Response Surface
Since the linear response surface was not satisfactory we added 10 design points, shown in Table 7 as points 24 to 33. With 33 points we fitted a full quadratic polynomial over the entire domain. A full quadratic polynomial in 5 design variables has 21 coefficients. We discarded terms in the polynomial with low t-statistics as long as Ra 2 kept increasing. The quadratic polynomial retained 11 coefficients and is given as:
For this case rms=0.19 and Ra2=0.90 and the lowest t-statistic was 3.15, indicating reasonable confidence in the coefficients. The accuracy of the response surface was also checked by constructing response surfaces with 32 points and then comparing the response surface predictions at the point left out with the STAGS analysis predictions at that point (a procedure known as PRESS) 6 . Based upon these results the quadratic response surface predictions for the buckling load factor are expected to have less than 25% error.
Stress Response Surface
A response surface was also constructed for the compressive axial stresses at the change in thickness. Stress values at other regions of the panel for all the designs analyzed did not exceed the maximum stress allowable. There are only 26 design points available for the maximum stresses as shown in Tables 7. We also checked accuracy by the PRESS procedure which indicated that a maximum error of 20% is expected.
Optimization Using the Response Surfaces
The nominal design had a buckling load factor λ=1.898. The response surface for the buckling load factor λ in the box domain had errors of 25%. Therefore the allowable buckling load factor was increased by 25%, from 1.15 to 1.4375. Similarly for the compressive stresses s, we increased the safety factor by 20% from 1.3 to 1.56. The optimization problem in the box domain was formulated as shown in Table 8 . t sb ,t sm , ,t cm , t cb > 0.11
The optimization was performed using a generalized reduced gradient optimizer available in Microsoft EXCEL. The optimum design obtained, subject to the constraints specified in Table 8 , is provided in Table 9 . Analysis of the design in Table 9 with STAGS gave a buckling load factor of λ=1.379 and a maximum stress at the discontinuity σ=22,450 psi.
As shown by comparing the results in Table 9 with the results in Table 4 , using STAGS and response surface approach to perform the optimization, the weight of the upper cover panel was reduced from 4.86 lb./ft 2 to 3.533 lb./ft 2 .
New Design Loads
After the previous optimization was performed the design loads and the required safety factors were updated. based on changes to the overall design of the airplane, as well as to refinement in the selection of load cases. Additionally, the safety factors were reduced, mostly reflecting greater confidence in the design, and allowing local buckling between the limit and ultimate load factors A new load case of pressure (p = 18.56 psi ) and with no in-plane loads was added, and the combined load case was changed to p = 15.59 psi combined with in-load of 4319 lb./in. These new load cases had a safety factor equal to 1.0. Additionally the STAGS FEM model was simplified to include only one stiffener section of 13.83 inches wide, with symmetry conditions imposed on the sides. Also, the calculation of the weights was refined to remove duplications due to intersecting finite elements.
To update the design for the new load case the starting point was the optimum obtained in the previous design cycle. The new pressure-only load case generates high stresses in the crown of the hat because the neutral axis of the section near the ends is very close to the skin and far from the crown of the hat.
New Buckling Response
From the preceding optimization it was clear that the thickness of the skin in the section near the middle, t sm , was likely to remain at its lower limit therefore it was removed from design variable list. On the other hand, the webs accounted for about the 40% of the total weight and so the thickness of these structural elements was introduced as a new design variable.
The thicknesses of the skin at the boundary and of the crown in the middle of the panel were permitted to change by +0.055 inches from the previous optimum. The thickness of the web was allowed to take only the values of 0.165 inches or 0.22 inches, since a lower value was sure to violate the buckling constraint, and a larger value would lead to very heavy designs. Similarly the thickness of the crown near the ends was also limited to only two values of 0.11 inches or 0.165 inches. The distance from the panel ends to the thickness discontinuity, that is d, was permitted to change by + 6 inches. Given these restrictions the total of 108 new design points around the previous optimum design point (design number 35 in Table 9 ) were created. The JMP program was used to pick 25 new design points using the D_Optimality criterion (Table 10) with Ra 2 = 0.84 and rms=0.127. The accuracy of the response surfaces was also checked using the PRESS procedure. The maximum error for the pressure-only load case was about 15% and for the in-load combined with pressure case the error was about 20%.
Stress Response Surface
The stress values obtained for the new design points showed that the stress limit was exceeded only in the crown near the ends therefore only the stress response surface for this case was created. The procedure followed to create this response surface was different from the one used for the buckling load factor response surfaces. Using beam analysis we can obtain a good approximation to the stresses, and so the beam approximation was combined with the more accurate STAGS results. Because the beam approximation is inexpensive the stresses in the crown of the hat were calculated for all 108 structures. These stresses were compared with STAGS results for 13 structures (points 50-61 and point 36 in Table 10 ), and the differences ranged from 0.1% to 4.86%.
These approximate stresses were combined with STAGS analyses for the results obtained for the structures 50-61 and structure 36 in Table 10 . The two sets of results were combined in a single response surface by using a weighted least square fit, with the weight associated with the more accurate STAGS analysis being ten times the weight of the beam-analysis stresses.
We started with a quadratic response surface in d, t sb , t sm , t w and linear in t cb and used JMP to discard terms with low t-statistic as long as Ra 2 kept increasing. The response surface thus obtained took the form: 
New Optimization Using Response Surfaces
The two response surfaces for the buckling load factor λ had errors of 15% and 20%. Accordingly the allowable buckling load factor for the pressure-only load case was increased from 1.0 to 1.15 while the allowable buckling load factor for the combined load case was increased from 1.0 to 1.20. Following the same procedure, the allowable for the stress response surface was increase from 1.0 to 1.03. The optimization problem in the box domain was formulated as shown in Table 11 .
The optimization was performed again with Microsoft EXCEL. The optimum design obtained, subject to the constraints specified in Table 11 , is provided in Table  12 . Analysis of the design in Table 12 with STAGS gave a buckling load factor λ = 1.61 for the pressure-only case and λ = 1.101 for the combined load case. The maximum stresses in the crown of the hat are 49540.4 psi. As seen by comparing the results in Table 12 with the results in Table 4 , using STAGS and the response surface approach to perform the optimization, the weight of the upper cover panel was reduced from 4.86lb/ft 2 to 3.36 lb/ft 2 .
Concluding Remarks A design study for the structural optimization of a typical bay of a blended wing body 
